I. INTRODUCTION
The performance of metamaterial structures is usually analyzed by using the effective medium approach. The idea to build metamaterials from arrays of metal cut wires and split-ring resonators (SRRs) was based on the assumption that the waves "do not see" metamaterial particles and propagate in a metamaterial as in an uniform medium. Although the elements of two arrays were placed in close proximity, no interaction between the elements was assumed, so that the responses of the arrays in a metamaterial were thought to be unchanged in comparison with the responses of each separate array. It was supposed that the concentric design of the SRRs provided for capacitive loading of the outer ring and for compression of the resonance wavelength inside the SRR strong enough to waive the half-wavelength requirement to the perimeter of the SRR, so that metamaterial was assumed to be structured on the scale between 1/10th and 1/1000th of the wavelength [1] . Considering metamaterials homogenized due to subwevelength dimensions of their resonating particles and lattice parameter, it was assumed that all particles were uniformly excited at the same resonance frequency and the excited magnetic/electric dipoles were identically oriented. Such approach was used to justify close-packing of resonators in metamaterials with inter-resonator distances negligible compared to the resonator dimensions.
In this work, we present the results of full-wave simulations performed by using the commercial software package CST Microwave Studio and the conformal FDTD (Finite Difference Time Domain) technique [2] to study the scattering parameter spectra and the amplitude and phase distributions of electric and magnetic field oscillations in various cross-sections of conventional and all-dielectric metamaterials. The latter present a perspective low-loss alternative to conventional metallic metamaterials, especially for applications at mm-wave and higher frequencies. The performance of shell-type cylindrical cloaks consisting of either metallic or dielectric resonator arrays has also been studied by using full-wave simulations of true multi-resonator structures and not of the models comprising material layers with prescribed parameters. The obtained results provide a deeper insight into the metamaterial performance and a possibility for the designing more reliable metamaterial architectures.
II. COUPLING EFFECTS IN CONVENTIONAL METAMATERIALS
To study the resonant processes in conventional metamaterials, a metamaterial block consisting of 12 columns of the SRRs (3 resonators in each column) and 12 cut wires has been modeled. The simulations have shown that the band of enhanced transmission was observed at the formation of half wavelength resonances in the bigger rings of the SRRs with negligent influence of the smaller rings. It means that the diameter D of the rings was only about 1/6 of the wavelengths in the transmission band. The cut wires are normally 3D in length, so that they were just 1/2 of the wavelengths in the band of enhanced transmission. At 3D length, they resonated at approximately same frequencies as the SRRs (3D π D) .The simulations have confirmed the formation of half wavelength resonances in cut wires in the band of enhanced transmission. Occurrence of these resonances does not allow for Fig. 2 . Amplitude (upper row) and phase (lower row) distributions of magnetic field at frequencies in the band of enhanced transmission (highest magnitude corresponds to red color, lowest one -to dark blue color; areas marked by red and dark blue colors in the phase patterns differ by 2π; green color corresponds to zero phase). The geometry of the sample cross-section is shown on the left. relating effective negative permittivity of the metamaterial medium in the transmission band to plasma-like behavior of cut-wire array. It could rather be related to the sign reversal of the real part of effective permittivity of the medium at the resonance in cut-wires.
It was also found that resonances in the SRRs and cut wires are interdependent and that, due to coupling between the resonators, the resonance modes are split, i.e., each resonator resonates at more than one frequency and each of split modes can be characterized by its own configuration of coupled fields between the metamaterial particles. The electromagnetic response of the metamaterial sample was found to be essentially nonuniform. Fig. 1 presents the resonance behavior in the band of enhanced transmission of the five columns of the SRRs in the sample. As seen from the figure, for most of the columns of the SRRs there are three frequencies, at which field amplitudes in one, two or all of the SRRs in the column demonstrate features typical for the half wavelength resonance. These frequencies are different for different columns and there are no obvious regularities in resonating of the SRRs in each of the columns. Fig. 2 presents the amplitude distributions for the oscillations of the H y component of the magnetic field, which also illustrates coupling between resonators in the four-cell sample. The field pattern is simulated in the xy-plane located below the midheight of the sample, where magnetic fields near the rods are maximal at the resonance. Coupled fields between the SRRs and the rods are seen throughout the structure. It is worth noting that interaction between the SRRs and cut-wires was also revealed in [3] , where the authors related the downward shifting of the plasma resonance frequency to the effects of interaction between resonators. The presented data demonstrate that incident waves cannot propagate in the metamaterial as in a uniform medium. Instead, their propagation is governed by interaction between the particles that creates channels for energy transfer through the coupled resonant fields.
III. RESONANCE PROCESSES IN ALL-DIELECTRIC METAMATERIALS
An opportunity to replace metal resonators by arrays of dielectric resonators (DRs) is very attractive especially at THz frequencies and beyond because of the possibility to reduce propagation losses. Holloway et al. [4] have analyzed the properties of a hypothetical material composed of magnetodielectric spherical particles and concluded that if specific permittivity and permeability values could be provided, then such material could behave as a double negative medium. Vendik et al. [5] , [6] have proposed to compose all-dielectric metamaterial from two arrays, each consisting from dielectric resonators (DRs) and providing for either electric or magnetic response at the same frequency. In particular, they considered arrays of spheres of different diameters with dielectric permittivity of 400 or 1000. The high permittivity values allowed for neglecting coupling between the spheres and for considering each sphere as an independent scatterer. Simulations of electromagnetic response from a chain of such different spheres have revealed an opportunity to obtain negative refraction index of the media. Similar opportunity was also investigated in [7] , where backward wave propagation through an array of differently sized spheres was observed in simulations, although the dielectric permittivity of the spheres was taken to be much lower, i.e. 44. However, it was pointed out in [8] that a two-set scheme does not allow for providing an isotropic response. In addition, the two-set scheme is difficult to realize in view of fabrication tolerance. In difference from [5] - [7] , we have studied, both by simulations and experimentally, a more practical case of a metamaterial composed from identical cylindrical DRs [9] , [10] . As the height of cylinders was twice smaller than the diameter and they were placed on the ground plane, these DRs have been actually a close approximation to spheres. The electromagnetic field configuration of the first resonant mode of a cylindrical DR excited by a TEM-type of incident electromagnetic wave is shown in Fig. 3 on the left. This mode can be associated with the HEM 11 type [11] . As seen from the figure, the field patterns of this mode are similar to those of a magnetic dipole located horizontally on the ground plane and oriented perpendicularly to the direction of the incident wave propagation. The field patterns of the next resonant mode (TM 01 ) (Fig. 3 , on the right) are similar to the fields of a vertical electric dipole directed along the axis of the cylinder and looped by magnetic field.
Individual resonators have been assembled in an array forming a periodic structure. Fig. 4 shows the schematic of a metamaterial sample constructed of dielectric resonators embedded in the low permittivity matrix and a sample fabricated by using the LTCC (low temperature co-fired ceramics) process, in which BZT (Bi-Zn-Ta-O) ceramics with the dielectric constant of 62 was co-processed with alumina matrix that has a dielectric constant of 7.8 [12] . Cylindrical rods of equal height and radius of 1.53 mm were embedded in the substrate matrix with the thickness of 1.53 mm. To measure the transmission and reflection characteristics of the structures, horn-shaped microstrips were printed on the substrate using silver ink. The simulated and measured characteristics of the samples were found to agree well. Fig. 5 presents the simulated transmission spectrum of the metamaterial sample in comparison with transmission spectrum of a piece of dielectric with the same dimensions and with the permittivity equal to averaged permittivity of the metamaterial. As seen from the figure, at frequencies in the vicinity of the first resonant frequency of a single DR, a band of enhanced transmission is observed. The second band seen at 13.5 GHz, is related to the resonant mode equivalent Collective reorientation of meta-dipoles can cause unusual features of wave propagation in periodic structures, such as multiple beam formation, creation of channels for wave propagation, and specific effective magnetic or electric properties. The ability of all-dielectric metamaterial to provide negative refraction has been demonstrated by simulation electromagnetic wave propagation through the prism of metamaterial with a rhombohedral lattice at the frequencies close to the first higher order resonance of the DRs [2] . By examining the phase fronts, visualized by using reflections from spherically located receivers, we observed negative beam refraction at 16.0 GHz, while at 16.9 GHz this beam weakened and positive refraction prevailed (Fig. 7) .
The presented results demonstrate that, possibly, the coupling between resonators in all-dielectric metamaterials, as well as in conventional metamaterials , is responsible for an alternative mechanism of wave propagation that contributes to enhanced transmission and negative refraction, with no relation to the doublenegativity characteristics of the medium.
IV. COUPLING EFFECTS IN ELECTROMAGNETIC SHELL-TYPE CLOAKS
The coordinate transformation method has recently been applied to design cylindrical electromagnetic cloaks from artificial materials with prescribed spatial variations in their constitutive parameters that can be obtained due to the resonances in the cloak elements [13] , [14] . It was demonstrated that by using a reduced set of material parameters for transverse electric (TE) / transverse magnetic (TM) incident waves, a cylindrical cloak design would require only one component of permeability/permittivity to be variable in the range between 0 and 1 in the radial direction. The microwave cloak demonstarted in [13] for a TE incident wave was built from a metamaterial consisting of SRRs that provided variable permeability. In [14] it was suggested that an optical cloak could be designed from composite layers comprising metal nanowires to provide for permittivity variation under TM excitation. However, losses due to the metallic components employed in these cloak designs should significantly degrade the cloak performance, especially at higher frequencies of operation (e.g., infrared and visible). It is, therefore, very attractive to consider all-dielectric metamaterials for application in optical cloaking. Another problem with the designing of cloaks is that because of the complexity in modeling a real cloak, simulations of cloak performance are generally carried out by substituting the true 3D resonators with approximate material layers having prescribed values of permeability/permittivity. Such an approach cannot provide confirmation that the required mode is being excited in all resonating elements for which the angel of wave incidence varies in the range between 0 to π/2. Moreover, the approximate approcah cannot account for the expected strong interresonator coupling effects for close-packed resonator arrangements of the type used in [13] . In addition, it is also necessary to correctly account for the volume fractions of air/host material and of the space in which the resonance fields are confined, in order to accurately determine the effective material parameters throughout the cloak. Otherwise, the calculated effective parameter values of the cloak elements cannot be trusted.
We have designed a low-loss optical cloak based on arrays of chalcogenide glass resonators [15] , [16] . Chalcogenide glass has a relatively high value of refractive index corresponding to permittivity values in the range 10.5 -12 and low loss in the near-infrared frequency range [17] . The performance of the designed cloak has been verified by simulating the true multi-resonator cloak structure in the near-infrared range. Inter-resonatir coupling effects in the DR arrays have been investigated and accounted for.
Similar to split-ring resonators, DRs can support strong magnetic resonances, which are characterized by a dramatic increase of magnetic permeability in the vicinity of the resonance, with a subsequent drop in permeability down to negative values [18] . At higher frequencies, the permeability increases, crosses zero and assymptotically approaches unity. This region, where the permeability varies between 0 and 1, is exactly what is required for designing a cloak similar to that considered in [13] . Simulations of the resonance responses of glass elements with different shapes have been carried out, in order to determine those which are best suitable for the employment as cloak elements. To mimic the performance of the resonators at their placement along the circumference of concentric rings in the cloak, the formation of all possible resonance modes in differently shaped resonators was investigated at various angles of incidence for the TE mode.
The best results were obtained for cylindrical resonators with the diameter twice as large as the height. They reliably demonstrated the formation of magnetic moments along their axes for a range of incidence angles between 0 and 82.5 0 . The chosen cylindrical resonators have a diameter of 300 nm and a height of 150 nm and responded at a frequency of about 300 THz, i.e., at an incident wavelength in air of about 1 micron. The design of the cloak is based on the employment of resonators of only one size and on their radial placement within the cloak. Using only one size for all resonators within the cloak gave us an opportunity to operate with an identical permeability value for each resonator. From the point of view of fabrication tolerance, this presents a significant advantage versus fabricating nano-sized elements of different prescribed dimensions within the same structure. The frequency of the cloak operation was chosen to correspond to a negative value of the resonator permeability, since otherwise the contribution of the air filled parts of the cloak could not be balanced to obtain effective permeability values between 0 and 1. Radial placement of resonators in the cloak provides for a gradual increase of the permeability from a value of zero at the inner layer of the cloak to a value close to 1 at the outer layer, which is due to an increasing fraction of the air filled parts of the structure in the outer layers. It is important to note that, since the fields are not entirely confined within the dielectric elements, then the effective volume of the resonator containing the resonance field is larger than the resonator physical size. Another important finding was that inter-resonator coupling in some of the simulated cloak arrangements completely destroyed mode excitation in a significant portion of the elements thereby excluding the cloaking effect. Fig. 8 presents visualized magnetic fields in a three-layer cloak at two different frequencies. As seen from the figure, the arrangement of DRs is not optimized in terms of inter-resonator coupling, so that the resonance mode is split due to the coupling effect that leads to a nonuniform mode excitation in the resonators within the cloak structure. Fig. 9 demonstrates that at optimal resonator arrangement, the reconstruction of the incident wave front after it passes the cloaked metal object can be achieved by the cloak design with only four concentric layers of cylindrical resonators.
The presented results show that optimization of the inter-resonator coupling caused by field spreading beyond the bodies of resonators is critical for the cloak performance. Strong coupling in close-packed resonance structures can cause mode splitting and deterioration of the effective parameter dispersion in the shell even when resonators have subwavelength dimensions, so that the cloaking effect can disappear.
V. CONCLUSION
We have shown that the applicability of the uniform medium concept to the analysis of wave propagation through metamaterials could not be justified when electromagnetic coupling between resonators and resonance mode splitting take place. Negative refraction of the medium can be caused not only by "electric" and "magnetic" particles, but also by coupling between the particles. Electromagnetic coupling was found to be an important factor that needs to be accounted for at the designing of metamaterial samples and shell-type cloaking structures.
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